Disk galaxies, of which the Milky Way is a typical example, possess large scale magnetic fields. The interstellar gas in which the fields reside is removed and replaced on a timescale of about 1/10 of the age of the Galaxy, and the new gas must acquire a magnetic field of the correct strength and direction on this timescale in order to maintain a steady state. The outstanding problem facing all theories for the origin and evolution of galactic magnetic fields is identifying the mechanisms for magnetic diffusion. Diffusion is necessary to prevent the buildup of magnetic energy at the resistive scale, to magnetically assimilate new material, and to remove the field from the galaxy. Some of these processes require topological changes in the field, and necessitate and resistive or collisionless effects. Others only require that the field diffuse with respect to the center of mass, and could occur through ion-neutral drift. In addition to diffusion, there must be a mechanism for maintaining the large scale field.
Introduction
The theory of astrophysical dynamos was developed to explain the solar cycle: the observed redistribution and polarity reversals of the surface magnetic field on a timescale much shorter than the Ohmic time demands a dynamical explanation. Although alternatives involving long term storage of magnetic flux in the solar core were proposed, there is now overwhelming consensus that the solar activity cycle is the manifestation of a dynamo.
The situation with regard to galaxies is different. Nearby galaxies with detectable quantities of interstellar gas emit polarized radio frequency radiation which is thought to be synchrotron radiation generated by relativistic electrons (so-called "cosmic ray" electrons) gyrating in a magnetic field. The radio luminosity is well correlated with the far infrared luminosity, which is a measure of the rate at which massive stars are forming. There is no evidence for cyclic behavior, or for variability independent of the star formation rate. Moreover, since the Ohmic decay time of the magnetic field is about 10 orders of magnitude longer than the age of the Universe, one might simply assume that galactic magnetic fields are primordial, or at least were generated before galaxies formed. Indeed, it is not straightforward to prove otherwise. This paper concerns the origin and evolution of galactic magnetic fields as revealed by their observed properties and by related aspects of galactic structure and evolution. The array of topics is so broad that it appeared impossible to make the paper bibliographically complete. Relevant review articles and books are cited in the Appendix so that readers new to the field can pursue particular topics, and literature is cited up to 2004. Most of the discussion focusses on our own Galaxy, the Milky Way, for which the most detailed observations are available, and which is thought to be a typical example of its kind. Section 2 is a brief introduction to those aspects of galactic structure and evolution which seem relevant to understanding galactic magnetic fields. Section 3 summarizes the observed properties of magnetic fields in galaxies at the present epoch, while §4 is a history of magnetic fields in the universe. Section 5 is concerned with the basic physical processes which are relevant to the generation and evolution of galactic magnetic fields. Section 6 is a summary and discussion of future work.
Galactic structure
The Milky Way is the second largest member of a group of ∼ 20 galaxies called the Local Group. M31, the Andromeda galaxy, is the dominant galaxy, while the Magellanic Clouds, the two best known dwarf members, are satellites of the Milky Way. Most known galaxies belong to small groups or to large clusters.
The Milky Way is an example of a large class of galaxies known as spirals, named for the strong suggestion of spiral structure in their optical appearance. At visual wavelengths, which probe the visible stars, a spiral galaxy consists of a disk with a radial distribution of light that declines exponentially over a scale of several kiloparsecs (kpc) and vertically over a few hundred parsecs. The innermost kpc is dominated by a spheroidal distribution of stars known as the bulge. There is probably an oval distortion known as a bar (galaxies with long, prominent bars are known as barred spirals). There is also a faint, spheroidal component of stars several tens of kpc in radius which is considered part of the galactic halo. The orbits of disk stars are nearly circular, with a strong prevailing sense of rotation and a well defined plane. Bulge and halo stars follow fully three dimensional orbits. The disk stars have higher metallicity (astronomers consider all elements except H and He to be metals) than the halo stars, and are thought to be younger. The age of the oldest stars is estimated to be more than 10 10 yr, and star formation continues in the present epoch.
The mass distribution in galaxies is determined by measuring the orbital velocities of stars and gas and assuming they are in dynamical equilibrium. This reveals that the mass does not follow the light: more than 90% of the matter in disk galaxies is in unseen form. This so-called dark matter follows an extended spheroidal distribution, its density declining with radius as r −2 . The differential rotation profile of the disk material in the potential well of the halo is Ω ∝ r −1 , or V ∼ constant. In the Milky Way, V ∼ 220 km s −1 , with a rotation period at the solar circle of about 2 × 10 8 yr. The dynamics in the innermost few pc of the Galaxy are dominated by a 10 6 M black hole. In our discussion of galactic magnetic fields, we are primarily concerned with the gaseous component, which is known as the interstellar medium (ISM). The mass of the ISM is about 10 9 M , only 1% of the mass in visible stars, but since new stars are continually forming from interstellar gas, and evolved stars are enriching it with heavy elements, the ISM is a major driver of galactic evolution. The kinematics of interstellar gas is similar to that of the stars: there is a rotationally supported disk component and tenuous halo component supported primarily by turbulent and thermal pressure.
In addition to the thermal component of the interstellar medium, there is a relativistic, or cosmic ray component. We have already alluded to cosmic ray electrons as the source of the polarized radio continuum, but about 98% of cosmic ray particles are nuclei, most of them protons. The energy density in cosmic rays is comparable to that in the thermal gas, and in the magnetic field. Their energy spectrum is well fitted by a broken power law -i.e. highly nonthermal -but their angular distribution is highly isotropic. The nuclear component of cosmic rays is highly enriched in the light elements Li, Be, and B compared to other cosmic sources. These elements are thought to be produced by spallation reactions between cosmic rays and ambient interstellar material. Measurements of the abundances of the light elements, including the relative abundances of radioactive isotopes, show that individual cosmic ray particles remain within the Galaxy for 1-2 × 10 7 yr, and that the average density of the medium in which they are stored is about 0.1 cm −3 . The latter value is representative of the density in the lower Galactic halo. Interstellar gas has a wide range of thermal states, from tenuous and hot (n ∼ 10 −2 − 10 −3 cm −3 ; T > 10 6 K) to dense and cold (n ∼ 10 3 − 10 6 cm −3 ; T ∼ 10K). Most of the mass is weakly ionized, cold atomic or molecular gas, but most of the volume is fully or significantly ionized, with the filling factor of ionized gas increasing above the galactic plane. A given parcel of interstellar gas switches thermal states, which is itself a fairly rapid process, on timescales of tens of millions of years through exposure to heating or to strong compression. The different thermal states are intermingled, with the largest coherent structures being hot supernova and stellar wind driven superbubbles of order 100 -200 pc in size.
The cooler gas is kept in a state of partial ionization by ambient starlight and by low energy cosmic rays, while gas hotter than about 10 4 K is collisionally ionized. The resulting degree of ionization, together with the lengthscales that characterize galactic structure, result in a Lundquist number of 10 15 -10 21 . Galaxies are superconducting beyond the wildest dreams of any condensed matter physicist.
Although the dynamical equilibrium of the disk gas is determined primarily by rotation, the gas velocity also has a small random, or turbulent component of order 10 km s −1 . It is this random component, together with magnetic stresses and cosmic ray pressure, that determines the vertical thickness of the gas disk. The turbulent flow is typically supersonic in all but the hottest gas, and readily forms shocks. The radiative efficiency of the heated, compressed gas in these shocks is so high that if the turbulence were not driven it would decay in about 10 7 years. A few percent of the energy available from supernova explosions suffices to maintain interstellar turbulence. Thus, supernovae are believed to be the main energetic driver of the ISM.
The interstellar medium is an open system. Gas is converted to stars at the rate of a few M yr −1 . Stars less massive than the Sun -which represent most of the mass in visible stars -evolve so slowly that they have returned little mass to the ISM over the age of the Galaxy. More massive stars evolve more quickly, and and return most of their mass to the ISM in the form of stellar winds, planetary nebulae, and supernova explosions. Much of this recycled material has been chemically enriched by nuclear reactions. At the same time, previously extragalactic material is falling into the Milky Way at a rate comparable to the rate of star formation, while disk gas, heated by supernova explosions and powerful stellar winds, is ejected into the halo. Although some of this gas probably cools and returns to the disk, some of the halo gas may be leaving the galaxy, in the form of a wind. There may be also be a radial inflow of material in the plane of the disk, which accumulates near the Galactic Center or is coupled to a wind driven from the inner Galaxy. It is uncertain whether the mass of the ISM is steady over time.
Sources and sinks of interstellar material -each of which leads to the replacement of the ISM on a timescale of ∼ 10 9 yr, less than a tenth the age of the Galaxy -have important implications for the evolution of the Galactic magnetic field. The mass which is returned to the ISM by stars is generally undermagnetized by several orders of magnitude. This is a consequence of the so-called magnetic flux problem in star formation, which refers to the enormous magnetic fields stars would have if almost all the magnetic flux threading their constituent gas were not lost during star formation (Mestel & Spitzer 1956 ). There are important exceptions to this rule. About 1% of supernova remnants (known as plerions; the Crab nebula is the prototype) have magnetic fields about 3 orders of magnitude larger than the ambient interstellar field. The solar wind at 1 AU is magnetized at roughly the interstellar level, and the fieldstrength/density ratio B/ρ increases outwards as r. This is a general property of rotating, magnetized stellar winds: the azimuthal field B φ decreases as r −1 while ρ decreases as r −2 . Solar type winds are too tenuous to contribute much to the Galactic field, but if winds from massive stars are magnetized (a point still not settled; see Cohen et al. 2003 and references therein), their contribution could be significant. The magnetization of infalling extragalactic clouds is also unknown. These clouds are observed to contain metals, so they cannot be cosmologically pristine (Richter et al. 2001 , Tripp et al. 2003 . If they originated wholly or partially within galaxies, one would expect them to be magnetized, and thus a source of magnetic field. On the other hand, a galactic wind, if it exists, would carry away magnetic field.
The direction of the magnetic field associated with interstellar sources and sinks is as important as its intensity. The fields from stellar sources and infalling extragalactic clouds are probably randomly oriented. The azimuthal component of field expelled by supernova explosions tends to be directed opposite to the prevailing Galactic field, because as loops of field rise, they are twisted by Coriolis forces. If field is efficiently ejected by this mechanism, it could be an important component of a Galactic dynamo (Kulsrud 1999 , Rafikov & Kulsrud (2000 .
An important clue about the facility with which magnetic fields from stellar and extragalactic sources is mixed with the ambient gas comes from measurements of chemical abundances in the ISM. Abundances are measured spectroscopically, through absorption features created by interstellar gas along the lines of sight to bright stars. Recent measurements suggest that although abundances are quite uniform with ∼ 0.5 kpc of the Sun, there is a deficit of heavy elements in the solar vicinity relative to the remainder of the disk (Meyer et al. 1998 , André et al. 2003 . One explanation for this is recent contamination of the ISM by infalling metal-poor gas (Meyer et al. 1998) . Independent dynamical evidence that this occurred roughly 10 7 yr ago is presented by Comeron & Torra (1994) . These results, taken together, are consistent with a picture in which mixing is efficient, although far from instantaneous.
Observations of galactic magnetic fields
The magnetic field of the Milky Way, and magnetic fields in external galaxies, are detected through their radiative signatures. The polarized radio continuum intensity measures the strength and orientation of the projection of the magnetic field on the plane of the sky, B ⊥ . It is sensitive to the orientation of B ⊥ , not its signed direction. As mentioned in §1, the polarized continuum is thought to be synchrotron radiation emitted by cosmic ray electrons. If the field orientation varies along the line of sight and within the telecope beam, the polarization is lower than that produced by a uniform field. Denoting the average and random components of the projected field by B ⊥u and B ⊥r , respectively, the observed polarization p is related to the maximum possible polarization p max by p/p max = B Nonthermal continuum radiation originates from more or less the entire ISM. Polarized radio frequency radiation is also emitted by pointlike sources such as pulsars and extragalactic background sources such as quasars and active galactic nuclei. As this radiation propagates through the foreground ISM, its plane of polarization is rotated due to the slightly different propagation speeds of left and right circularly polarized electromagnetic waves in magnetized plasma, with the rotation angle increasing with wavelength λ as λ 2 . When combined with an estimate of the electron density, this so-called Faraday rotation gives a measure of B , the signed component of B along the line of sight to the source. Recently, Faraday rotation of the radio continuum has also been mapped in selected fields of view. This has given some insight into the small scale structure of the magnetic field and thermal electron distribution (Haverkorn et al. 2003) .
Magnetic fields can also be detected through Zeeman splitting of lines in the spectra of interstellar atoms and molecules. In principle, the full vector magnetic field can be measured through the Zeeman effect, but in practice this has been carried out only for the Sun, the brightest source. Zeeman detections of the Galactic magnetic field yield only B , convolved with the density of the tracer species, integrated along the line of sight, and, except in the case of absorption of a background continuum point source, averaged over the telescope beam. Although Zeeman splitting occurs at all wavelengths, the magnitude of the shift is generally an increasing function of wavelength, and to date the interstellar Zeeman effect has only been detected at radio wavelengths. A related line polarization signature, the so-called Goldreich -Kylafis effect (Goldreich & Kylafis 1982) , has also been used to measure magnetic fields in dense clouds (Lai et al. 2003) .
A final set of diagnostics exploits the presence of small, aspherical dust grains in the ISM (see the review by Draine 2003) . The grains tend to become oriented with their shortest axes parallel to B. Absorption and scattering of starlight by this dust -a strong effect in the Galactic plane, where most of the grains reside -results in a small linear polarization from which the orientation of B ⊥ can be deduced. The thermal radiation emitted by the dust, which generally peaks in the far infrared, is also polarized, and has been used to map B ⊥ in directions toward dense clouds. The relationship between the degree of polarization, the fieldstrength, and the spatial coherence of the field remain obscure, however, due to the influence of environmental factors such as gas density and temperature on grain alignment. For example, it is often observed that the ratio of polarized to continuum intensity in the far infrared decreases toward the centers of dense clouds. Whether this occurs because the dust is not well aligned in cloud centers, or because the field is tangled on small scales, remains an open question (Hildebrand et al. 2000 , Padoan et al. 2003 .
There are three main points to this brief summary of observational techniques. First, the measurements are always line of sight and sometimes angular averages. Second, the observations yield either the signed B or the unsigned B ⊥ . Third, in each type of measurement B is convolved with an interstellar tracer: cosmic ray electrons, thermal electrons, atomic or molecular species, or aligned dust grains. Thus, there is a complementarity to the measurements, but little redundancy. This, together with the coarse-graining induced by averaging over large scales, means that it is all but impossible to measure the full vector magnetic field with any precision anywhere in the ISM. It is a triumph of both ingenuity and diligence that we have as good a picture of galactic magnetic fields as we do.
With this as background, we now summarize the results. The magnetic field of the Milky Way is measured primarily within several kpc of the Sun. Within this volume, it has a coherent, or uniform component B u , and a small scale, or random component B r (Rand & Lyne 1994 , Han et al. 1999 . A lower limit to the scale of the coherent component is based on the distance to the sources (primarily pulsars). It should be emphasized that the coherence length of B u exceeds by more than an order of magnitude the driving scale of interstellar turbulence, and the scales of all observed flow except that due to differential rotation. The orientation of B u is parallel to the plane of the disk and nearly azimuthal, with an inclination angle similar to that of the spiral arms. This is similar to what is seen globally in many other spiral galaxies. There are also at least two reversals of the field with radius, possibly as many as five (Han 2001) . Similar reversals have been seen in some, but not all, other spiral galaxies. The vertical scale height of the field is about 1.5 kpc, several times thicker than the gas disk, but comparable to the ionized gas disk.
The fluctuations appear to exist on every spatial scale at which they can be detected. The smallest observable lengths come from mapping the polarization of stars in dense clusters (Serkowski 1965) , or comparing the Faraday rotation between pairs of radio sources (Clegg et al. 1992 , Minter & Spangler 1996 . The latter studies reveal fluctuations on subparsec scales.
Observational determinations of the partitioning of magnetic energy between the uniform and random components is somewhat method dependent. The following discussion is a summary of Heiles (1996) . If one measures B u and B r from Faraday rotation of pulsars, their respective values are 1.4µG and 5.0µG, with the ratio B u /B r ∼ 0.28. If the fluctuations are isotropic, the synchrotron polarization implied by these values would be only about 1/3 of what is observed. Estimates of B u /B r from synchrotron polarization, on the other hand, suggest B u /B r ∼ 0.5. Starlight polarization suggests larger values yet; B u /B r ∼ 0.7 − 1.0, depending on whether one assumes the fluctuations are isotropic or entirely transverse to B u . Heiles suggests that there are systematic differences between the field structure in the predominantly ionized regions sampled by the pulsar measurements and the denser, predominantly neutral gas which dominates the starlight polarization measurement. An alternative explanation is that the fluctuations in the field have a highly sheared or folded structure, like a hairpin -resulting in larger fluctuations in direction than in orientation (Brown & Taylor 2001) .
The mean fieldstrengths determined by these different methods are quite similar: Heiles adopts 5.2µG from pulsar data, 4.2µG for the azimuthally averaged synchrotron emission, and 5.9µG for the synchrotron emission from spiral arms. Larger magnetic fieldstrengths in dense molecular gas are seen through the Zeeman effect, but there is a large scatter of values and many nondetections, possibly because of projection effects (Crutcher 1999) . The upper envelope of the fieldstrength -density relation in molecular gas is consistent with B ∝ ρ 1/2 . In contrast, the B − ρ relation in less dense gas -n ∼ 0.1 − 100 cm −3 -is essentially flat (Troland & Heiles 1986 ). The mean fields in molecular gas appear to be 2-3 times larger than the fields in diffuse atomic gas, while the mean density contrast is about a factor of 50.
At the fieldstrengths measured, the magnetic energy density is comparable to the energy in turbulent gas motions. This means that magnetic fields play an important dynamical role in the ISM. They provide substantial support against the large scale Galactic gravitational field in the vertical direction, and against self gravity in dense, star forming regions. They also influence the nature of turbulence and its modes of dissipation, especially on small scales.
An upper limit on the fraction of vertical support that can be provided by magnetic fields and cosmic rays arises from stability considerations. Since these nonthermal components are not directly confined by gravity, they can destabilize the gas layer to a Rayleigh -Taylorlike instability first discussed in the galactic context by Parker (1966) . Although the exact stability boundary is model-dependent, it is clear that the gas layer is unstable if the energy density of the magnetic field and cosmic rays exceeds the kinetic energy of the gas by more than a factor of order unity.
In addition to results obtained from direct detection, it is possible to infer some properties of galactic magnetic fields from observations of cosmic rays. The mean density of the volume in which the cosmic rays are stored is representative of the density in the lower Galactic halo, into which we know the thick magnetic disk extends. Since the cosmic ray confinement time is about 3 orders of magnitude longer than naive estimates of the propagation time through the Galaxy, it seems likely that the propagation is diffusive, with the cosmic rays scattering from small scale fluctuations. Because scattering results in very little motion across fieldlines (Jokippi 1987) , it seems that the field must connect the disk to the halo, from which the cosmic rays escape.
The problem of cosmic ray escape raises the question of whether the Galactic magnetic field is connected to an intergalactic field. The magnetization of the intergalactic medium in the Local Group and beyond is still an open question. Rich clusters of galaxies emit x-rays, which indicates that the cluster is filled with hot gas, and a polarized radio continuum, which demonstrates that the medium is pervaded by cosmic ray electrons and magnetic fields (Clarke et al. 2001 and references therein). Because the hot gas is enriched in metals, it is thought to contain material stripped from galaxies. The magnetic field may likewise be interstellar field stripped from galaxies and modestly amplified up to equipartition with the turbulent gas motions in the cluster.
It is also possible that there is a pervasive intergalactic field, although none has yet been detected. Since the intergalactic medium is fully ionized and its cosmic ray population is negligible, such a field could be detected only through Faraday rotation of extragalactic sources. Thus, upper limits exist primarily on B u . These limits are somewhat model dependent, but lie in the vicinity of 10 −9 G (Kronberg & Perry 1982 , Blasi et al. 1999 ). The structure of the magnetic field within about 200 pc of the Galactic Center appears to be qualititatively different from the field in the disk: there is a substantial vertical component, outlined in thin, nearly straight filaments of enhanced synchrotron radiation. The fieldstrength is estimated to be of order 1 mG, much stronger than the field in the disk and somewhat above equipartition with the turbulence in the surrounding molecular gas (Morris & Serabyn 1996) . Whether this vertical field is a local structure or reflects a large scale field, perhaps concentrated near the Galactic Center by a planar accretion flow, as suggested by Chandran et al. (2000) and alluded to in the previous Section, remains unknown.
Galaxy formation and magnetogenesis
Recent advances in the observation and interpretation of the Cosmic Background Radiation have elucidated many important features of the Universe and its evolution over time (Spergel et al. 2003) . The age of the Universe is thought to be about 13.4 ±0.3 Gyr. The matter within it had cooled sufficiently to recombine after about 3.72 ± 0.14× 10 5 yr. After about 2× 10 8 yr, sources of Lyman continuum radiation appeared which reionized the Universe, and have maintained the intergalactic medium as a fully ionized plasma up to the present time. The agents of reionization were probably a first generation of massive stars, or possibly hot accretion flows onto massive black holes (see, for example, the review by Madau 2003) .
The environments in which the first stars formed were probably quite different from galaxies at the present epoch. The theory of galaxy formation is not yet complete, but current ideas favor a hierarchical scenario (e.g. Silk & Wyse 1993) in which large galaxies like the Milky Way are built up by the accretion of dynamically distinct smaller units which have already undergone some star formation. The prevalence of a group or cluster environment for galaxies, as opposed to an isolated setting, and the large number of dwarf galaxies, support this hypothesis. Mergers are expected on theoretical grounds because of the gradual conversion of orbital energy to tides in the galaxies, or heat in the ambient medium. The Milky Way and M31, for example, are thought to be slowly spiraling together. Mergers still occur, although probably at a lower rate than in the past. Evidence for this is seen in the Milky Way in the form of kinematically defined streams of stars and gas torn from small companions by the Galactic tidal field, the Magellanic Stream being the best known example. There is also clear morphological and kinematic evidence for mergers of external galaxies (Gilmore et al. 2002) .
Direct evidence for galactic magnetic fields does not go as far back in time as direct evidence for galaxies, but there are practical obstacles to early detection. The λ 2 dependence of the rotation measure means that Faraday rotation measured at a fixed wavelength would decreases with redshift z as (1+z) −2 , even for a population of identical sources. Despite this constraint, observations suggest that galactic halos were sufficiently magnetized to produce Faraday rotation by the time the Universe was about a third its present age (Oren & Wolfe 1995) . There is indirect evidence for magnetic fields at earlier times: some of the oldest stars in the Galaxy contain measureable amounts of light elements in their atmospheres (Duncan et al. 1992 , Gilmore et al. 1992 . The most plausible origin for these elements is spallation reactions between CNO cosmic ray nuclei and the gas from which these stars formed. If cosmic rays were accelerated and confined in this medium, there must have been a magnetic field. However, it could have been very weak by present galactic standards, as little as 10 −12 G (Zweibel 2003) . The general problem of magnetogenesis in the cosmos is still unsolved. In addition to exotic processes which rely on a modification of Maxwell's equations in the early Universe, and are still speculative (see the reviews by Grasso & Rubenstein 2001 and Widrow 2002) , there is a robust mechanism for creating a magnetic field in a plasma ab initio which is known as Biermann's Battery. Whenever there is an electron pressure gradient, the plasma quickly becomes polarized because of the large electron mobility. The result is an electric field E = −(∇P e )/en e which opposes the pressure gradient. If T e is not a function of n e , E is nonpotential, and generates a magnetic field by induction. It can be shown that the rate of magnetogenesis is just such that the thermal ion gyroradius is about equal to the size l of the system after one thermal ion crossing time l/(k B T e /m p ) 1/2 . Thus, a system in which the Biermann Battery has operated barely satisfies the assumptions of magnetohydrodynamics. Since astrophysical systems are normally much more strongly magnetized, it is inescapable that a magnetic field generated by the Biermann battery can only serve as "seed" which is amplified by another mechanism, such as the hydromagnetic dynamo.
One can classify theories of magnetogenesis as either "top down" or "bottom up", depending on whether they generate large scale, coherent fields or small scale, incoherent fields. The Biermann Battery mechanism can be either top down or bottom up, depending on where it operates. On cosmological scales, where the effect arises in structures such as ionization fronts or shock fronts (Subrahmanian et al. 1994 , Kulsrud et al. 1997 , Gnedin et al. 2000 , the fieldstrength is exceeding low, about 10 −18 -10 −21 G, but is coherent on galactic scales. In this setting, the Biermann Battery is top down. A variant which is effectively top down with respect to magnetic fields in galaxies involves generation of a magnetic field in an accretion disk surrounding a massive black hole in an active galactic nucleus, combined with expulsion of the field in a magnetized jet. Such jets are observed to feed lobes of relativistic, magnetized plasma which can be as much as 2 Mpc in size. Once the active accretion phase is over, the lobes lose energy to synchrotron radiation and adiabatic expansion, eventually becoming invisible. If extinct radio sources filled a large volume of the universe by the time galaxies formed, they could have been been the initial source of galactic magnetic fields (Daly & Loeb 1990 , Furlanetto & Loeb 2001 .
In bottom up theories of magnetogenesis in galaxies, the field is generated first on small scales, such as in accretion disks or stars, amplified by a dynamo, and spewed into the interstellar medium. The resulting field is chaotic, and according to most estimates, too weak, to account for galactic magnetic fields as they now exist. It must then be amplified and reconfigured by a dynamo. For example, Rees (1994) has discussed the properties of a seed field built up from strongly magnetized supernova remnants.
Building blocks of galactic magnetic fields
A theory of galactic magnetic fields must explain the magnitude of both the large scale and small scale components. The field must be maintained in a steady state despite the effects of sources and sinks of gas and field, which act on ∼ 10 9 yr timescales. It is difficult to determine the fundamental significance of the strong vertical field near the Galactic Center for the galactic magnetic field problem as a whole, because it is the only known example (and also the only example detectable with present techniques) of its kind.
Galaxies have the standard ingredients necessary of a hydromagnetic dynamo: large scale differential rotation and small scale turbulence. Over the years there have been a number of mean field dynamo models in the geometry of disk galaxies (see Ferriére & Schmitt 2000 , Moss et al. 2001 for recent examples, and Beck et al. 1996 for a review), as well as a number of calculations of the mean field dynamo tensors α and β (see for example Ferriére 1996 , Hanasz & Lesch 1997 . The models capture the most ubiquitous magnetic feature seen in disk galaxies, namely the predominantly toroidal orientation. This is the outcome expected in any model with strong differential rotation. There are a number of additional properties which depend on the details of the underlying galaxy and dynamo models, such as whether or not the toroidal field reverses with radius (bisymmetric or axisymmetric spirals, respectively), dipolar or quadrupolar symmetry with respect to the galactic plane, and linear growth rate of the unstable dynamo modes. Thanks to these models we now have a good understanding of the relationship between the properties of the host galaxy and the predictions of mean field dynamo theory, as well as the timescales on which the field is generated and can respond to temporal changes in α and β (Ko & Parker 1989 ).
However, it has become increasingly clear that mean field, kinematic dynamo theory is incomplete. The approximate equality of the magnetic and turbulent kinetic energies implies that the effect of the field on the small scale motions cannot be ignored. Perhaps a more serious problem is that it is difficult to reconcile the existence of the strong mean field B u with the enormous Lundquist number in galaxies. In the absence of diffusive effects, amplification of the field is accompanied by lengthening of the fieldlines by the same factor. If the field is confined to a constant volume, it must become folded, tangled, or otherwise random. The result is that the mean field is many orders of magnitude less than the small scale field. This was predicted on analytical grounds using mean field theory (Kulsrud & Anderson 1992) , and has also been seen in simulations of small scale dynamos at high Lundquist number (Schekochihin et al. 2002) .
In view of the problems with conventional dynamo theory, it is reasonable to ask whether galactic fields could be primordial, i.e. whether a coherent field could have been present in the material from which galaxies formed and been only minimally processed since that time. Howard & Kulsrud (1997) have investigated the evolution of a primordial field which is initially laid down coherently on a galactic disk. Differential rotation winds the field up, and the strength of the toroidal component B θ at first increases linearly with time while acquiring an increasing number of reversals with radius. In a disk of characteristic radius R and angular velocity Ω(r), the field has been amplified at time t by a factor of order tdΩ/d ln r and the distance between field reversals is of order R(tdΩ/d ln r) −1 . The growth of the field is eventually halted by ion-neutral drift, also called ambipolar diffusion, perpendicular to the galactic plane. The ambipolar drift velocity v D is the velocity at which acceleration of the plasma component by Lorentz forces is balanced by frictional deceleration due to elastic collisions with neutrals. The drift, which we describe more fully in §5.2, is the inevitable outcome of partial hydrostatic support of the ISM by magnetic pressure. It slowly but inexorably removes the field from the galaxy. Because the magnitude of v D is proportional to B 2 , there is a values of B θ at which the rate of windup equals the rate of removal. The toroidal field saturates at this level.
With the 10 10 year age adopted by Howard & Kulsrud for the Galactic disk, the toroidal field would now reverse on a scale of ∼ 100 pc, far less than the spacing between reversals which is observed. If the initial magnetic field had been completely uniform, the residual mean toroidal field B θ would be too small to be consistent with the observed Faraday rotation of distant pulsars. But a smooth initial field gradient over the lengthscale of the Galactic disk would lead to a net field of one sign, despite the folding of each fieldline with radius. With the proper choice of initial gradient, the result would be a field of toroidal orientation, with the rms field several times larger than the mean field.
The model of Howard & Kulsrud is based on simple, well understood physics, and as such is worth serious consideration. In particular, it deserves thorough comparison with the data. This requires a somewhat more complete theory, one which accounts for the vertical structure of the ISM in a more realistic way and which also includes a turbulent component of magnetic field. With more development, one could also explore the extent to which the model must be fine tuned. The initial fieldstrength gradient must be chosen so as to give just the proper ratio B θ / B 2 θ 1/2 at the present epoch. At the same time that differential rotation is amplifying B θ , turbulence will amplify the random component of the field to to near equipartition with the kinetic energy. It is not obvious why the equipartition random field should be close to the saturated value of B θ , which is set by completely unrelated physics, such as the ionization fraction in the ISM and the fraction of the volume filled with weakly ionized clouds. Thus, the ratios B θ / B 2 θ 1/2 and B 2 / B 2 depend on parameters which are undetermined in the theory. Finally, since the amplification of the toroidal field is algebraic rather than exponential, the initial field must be quite strong, of order 10 −8 G for Howard & Kulsrud's choice of parameters. Because it now appears that both mean field dynamo models and the simple primordial field model can produce magnetic fields which are qualitatively similar to the magnetic fields observed in disk galaxies, it appears impossible to rule out either theory on the basis of the current direct observational evidence. Perhaps the best argument that galactic magnetic fields are sustained by dynamos rather than being primordial relics comes indirectly, from our current picture of galactic evolution. The continual flux of material in and out of the interstellar medium means that the field has not evolved in pristine isolation. Rather, there must be mechanisms which assimilate the new material and compensate for the loss of old material so as to maintain a steady state. Thus, we turn to a discussion of the main processes which are relevant to the generation and evolution of galactic magnetic fields. Some of the ingredients are standard, while others are quite novel, and not encountered in systems other than galaxies.
Differential rotation and turbulence
The shearing time Γ −1 ≡ (dΩ/d ln r) −1 is of order 4× 10 7 (r/8.5 kpc)yr † Thus, a radial spur of magnetic field introduced into the disk would be sheared such that B θ /B r ∼ 25 within 10 9 yr, more than enough to agree with the observed orientation. The oscillation frequency of a ballistic particle in the Galactic potential well is known as the epicyclic † We scale the estimates in this section by 8.5 kpc, the galactocentric distance of the solar orbit.
1/2 . The parameter which controls the influence of Coriolis forces on an eddy of wavelength λ and velocity v λ is κλ/2πv λ . Taking v λ ∼ 10 km s −1 , this parameter is unity at λ = 1.7 (r/8.5 kpc) kpc. Even for the largest interstellar structures, the superbubbles, rotation is generally less than a 10% effect.
As we mentioned in §2, supernova explosions and expanding superbubbles are thought to be the primary energy source of interstellar turbulence, but they are not the only sources. Instabilities driven by thermal cooling, self gravity, and magnetorotational effects can also play a role (Sellwood & Balbus 1999 , Kritsuk & Norman 2002 , Kim et al. 2003 . The latter could be particularly important at large galactocentric radii, where there is little star formation and hence few supernovae.
The interstellar magnetic field is strong enough to affect the turbulent cascade process on small scales. In particular, the cascade is thought to be primarily Alfvénic in character, and anisotropic, with the components of k perpendicular to B much larger than the parallel component (Goldreich & Sridhar 1997) . How this affects the steady state operation of a dynamo is not yey clear.
Microscopic state of the gas
The heterogeneous state of the ISM, which we briefly described in §2 poses challenges in treating the evolution of galactic magnetic fields. On small scales, the properties of turbulence and its interaction with magnetic fields are expected to vary considerably from one type of region to another. On the other hand, the largest observed magnetic coherence length exceeds the largest observed thermal structures in the ISM -hot ionized bubbles and cold molecular clouds -by about an order of magnitude. Similarly, the characteristic growth time for the large scale field, which is about the galactic rotation period -exceeds the thermal cycling time by a factor of several. Therefore, the evolution at the largest scales should be calculated from appropriate averages over the effects of small scale fluctuations in different types of regions as well as ISM properties themselves. Howard & Kulsrud (1997) have done the latter, for example, in arguing that the ion-neutral drift rate is enhanced by the reciprocal of f , the filling factor of cold clouds in galactic disks.
Within the ionized component, the ion collision time τ i and gyrofrequency ω i satisfy the condition †
Because ω i τ i is large, viscous momentum transport perpendicular to B is drastically reduced (by 1-2 powers of ω i τ i ), with the viscous stress tensor taking the form given by Braginskii (1965) . This anisotropy has important consequences for small scale turbulence. For example, viscous damping of shear Alfvén waves is strongly suppressed by anisotropy effects, while compressive waves are damped at nearly the same rate they would be in an isotropic plasma. We remarked elsewhere that the Lundquist number for the ISM is extremely large; now we quantify it. The magnetic diffusivity λ is λ ∼ 9.7 × 10 13 T −3/2 cm 2 s −1 .
2)
The corresponding Lundquist number S is
3) † In this and other numerical formulae, we assume the ions are protons, set the Coulomb logarithm to 10, and take Te = Ti. We express B in G, n in cm −3 , and T in degrees K, and all other quantities in subsequent formulae in cgs units.
Even on scales of 1 pc, with B = 5µG, S ∼ 3× 10
16 . The magnetic Prandtl number P rm -the ratio of viscosity to resistivity -is large in interstellar plasmas
The result is that the turbulent kinetic energy spectrum is truncated at a much smaller wave number than the magnetic energy spectrum. This is generally true even accounting for the suppression of cross-field viscosity.
In weakly ionized gas, Lorentz forces tend to separate the plasma from the neutrals, while collisions tend to keep them together †. On timescales long compared to the ionneutral collision time τ in , the drift velocity v D is set by balancing the Lorentz force on the plasma against the frictional drag by the neutrals
When equation (5.5) holds, the ideal form of Faraday's Law can be written in terms of v D and the center of mass velocity v ∼ v n as Shu 1983 ). The second term on the RHS represents ambipolar drift. In the restricted case J · B ≡ 0, it has the same form as Ohmic diffusion, with the magnetic diffusivity replaced by the so-called ambipolar diffusivity λ AD (Zweibel & Brandenburg 1997 )
Equations (5.6) and (5.7) motivate the introduction of an ambipolar Reynolds number R AD ≡ Lv/λ AD , and the associated decoupling length L AD below which ions and neutrals are decoupled
where M A ≡ v/v A is the Alfvén Mach number. The decoupling length is typically rather small by interstellar standards; for example, if B =3 µG, n n = 20, n i = 0.02, M A = 1, L AD ∼ 3 × 10 −4 pc. While this is a small scale, it is much larger than the resistive scale (compare eqns. (5.2) and (5.7).
In weakly ionized regions, one must distinguish between behavior above and below the ion-neutral decoupling scale. At the scales on which the plasma and neutrals are well coupled, viscosity is dominated by the neutrals, and hence is isotropic. The magnetic Prandtl number, however, remains large. On small scales, the ions and neutrals are decoupled, and it is possible to have hydromagnetic fluctuations in which the neutrals do not participate except for the frictional damping of ion motion. At these small scales, hydromagnetic turbulence is similar to the turbulence in fully ionized regions, except that due to the low inertia of the plasma, the Alfvén Mach number is extremely small. One result is that on scales where ion-neutral drift is significant, the magnetic field tends to relax to a force free state (Brandenburg et al. 1995) . This may have implications for † The plasma itself can be treated as a single fluid for most applications in the interstellar medium, since the ion inertial length δi ≡ vA/ωi is of order 200 km/ √ ni, far below other dynamical scales.
the saturation of a small scale dynamo, since the fluid cannot do work on a force free field.
As we have already mentioned, ion-neutral drift leads to slow removal of the magnetic field from the galactic disk -this can be seen from eqn. (5.5), together with the fact that magnetic fields contribute to hydrostatic support. The mechanism is virtually inoperative above a few hundred pc because of the paucity of neutral gas at these heights, but it may be aided by buoyancy.
It has recently been shown that ambipolar drift is enhanced by turbulence (Zweibel 2002 , Kim & Diamond 2002 , Heitsch et al. 2004 . By analogy with other mixing problems, the small scale magnetic gradients which develop in a turbulent flow produce large local drifts, which cause turbulent diffusion of the mean field at a rate close to the eddy rate. There may be an observational signature of this process: the weak correlation observed between magnetic fieldstrength and gas density in the ISM, which we alluded to in §3. Turbulent ambipolar diffusion could accelerate the rate of escape of magnetic fields from galactic disks, and the transport of magnetic field into new material in the ISM.
Finally, it can be seen from eqn. (5.7) that the diffusion associated with ambipolar drift is nonlinear, and, like other forms of nonlinear diffusion, can mediate the formation of sharp fronts. These fronts occur in the vicinity of magnetic neutral sheets, and can initiate rapid magnetic merging. The basic physical picture is that ions flow toward the neutral sheet (say, the plane x = 0), dragging the field with them. In a steady state, an ideal, pressureless plasma develops a singular current density J ∝ x −2/3 (Brandenburg & Zweibel 1994 ). The singularity is resolved by a combination of finite resistivity and ion pressure, but under interstellar conditions the merging is still very fast † (Heitsch & Zweibel 2003a ). In particular, ion pressure, which would build steadily since the plasma flow stagnates at the neutral sheet, is limited by rapid recombination of the ions. This makes it easy to see that the conditions under which rapid merging occurs are very strict: any sheared or transverse component of magnetic field is swept toward the neutral line. Its pressure limits the thinning of the sheet and drastically slows the rate of magnetic merging (Heitsch & Zweibel 2003b ).
Cosmic rays
As we discussed in §2, galaxies are pervaded by a relativistic plasma known as cosmic rays. Because of their high velocities, cosmic rays propagate virtually collisionlessly through the ISM (although as we mentioned, their infrequent nuclear collisions with ambient particles allow us to unravel their history, while low energy cosmic rays are an important source of ionization). They are dynamically coupled to the gas, however, through their interactions with the magnetic field.
Cosmic rays are measured to be nearly isotropic, and are thought to propagate diffusively, with the scattering centers being some form of magnetic irregularities. Over large scales, they can be described as a fluid with an isotropic pressure tensor but without inertia. They transfer momentum to the gas through their contribution to the total current in the plasma, and through the momentum they lose through scattering (Wentzel 1974 , Skilling 1975 . These large scale cosmic ray forces play a role in the escape of the galactic magnetic field through buoyancy instabilities (Parker 1966) , and/or by driving a galactic wind (Ipavich 1975 , Zirakashvili et al. 1996 .
On small scales cosmic rays interact with the magnetic field through kinetic effects. If the cosmic ray drift anisotropy exceeds the Alfvén speed, cosmic rays destabilize Alfvén † The merging rate depends on the magnetic diffusivity, and so is not formally considered "fast" reconnection, but it is quantitatively rapid.
waves with a wavelength of order the cosmic ray gyroradius (Kulsrud & Pearce 1969) . At the present epoch, this is a small scale -about 2× 10 −6 pc for waves driven by cosmic rays near the mean energy -and the fluctuation amplitude is small; δB/B ∼ 10 −3 -10 −4 . Near strong shocks driven by supernova explosions, where galactic cosmic rays are thought to be accelerated, the driving is stronger, and may significantly amplify the magnetic field (Lucek & Bell 2000) . But this mechanism may be particularly significant in young galaxies in which the magnetic field may be much less than its present value and the supernova rate was probably significantly higher. Under these conditions, the gyroradius is much larger, the instability grows much faster, and there is no significant source of linear damping (Zweibel 2003) . In view of the strong amplification of the field at the tiny resistive scale predicted by current calculations, any mechanism which drives fluctuations at a larger scale may be of interest.
Magnetic reconnection
Magnetic reconnection plays a crucial role in the operation of a dynamo and in the assimilation of the small scale magnetic fields introduced by stellar and extragalactic sources to the ISM. It is also one of the most problematic areas of study, because the high Lundquist number of interstellar gas requires that resistive phenomena can occur only on tiny scales compared to the global scale. The plasma and embedded magnetic field brought into the thin reconnection region must somehow be expelled. Since the velocity of expulsion is limited by the energy available to approximately the Alfvén speed, the efflux is small. In a steady state, the rate of reconnection is therefore slow.
As we discussed in §5.2, it has been shown that rapid merging occurs in magnetic neutral sheets when the ambient gas is weakly ionized. In this case, the continuity problem is solved by plasma recombination. However, because these structures must be virtually perfect neutral sheets, with almost no sheared or transverse magnetic field components, this mechanism is unlikely to be a universal panacea for the reconnection problem. In fact, we know that in the opposite limit of a strongly sheared magnetic field resistive tearing mode growth rates have the same dependence on resistivity that they have in a fully ionized plasma (Zweibel 1989) .
Two effects which are known to increases the reconnection rate in space and laboratory plasmas are anomalous resistivity and the Hall effect. Anomalous resistivity occurs when the electron drift velocity associated with the current flowing in the reconnection region exceeds a threshhold for a kinetic instability. The current is then an energy source for fluctuations, which scatter the electrons and effectively increase the resistivity. In addition to reducing the Lundquist number, the resulting variable space dependence of the resistivity can permit a different and much faster mode of MHD reconnection called Petschek reconnection (Kulsrud 1998) . It is unlikely that anomalous resistivity can operate in the ISM, however, because the high current densities required are incompatible with the long lengthscales of interstellar magnetic fields. For example, so-called ion-acoustic waves are unstable when the current drift J/en e exceeds the ion thermal speed (k B T /m i ) 1/2 . This requires that the plasma β, thermal ion gyroradius r i , and magnetic scalelength L satisfy the inequality β −1 r i /L ≥ 1. Since β ∼ 1, the magnetic field must be structured down to the scale of the ion gyroradius, which is only ∼ 10 3 km. In Hall, or Whistler mediated reconnection, the electrons and ions decouple, leading to a wider outflow channel and hence a faster reconnection rate (Mandt et al. 1994 ; see Biskamp 2000 for a pedagogical treatment). The potential importance of this type of reconnection in the ISM depends on how the rate scales with a parameter similar to that identified above in the criterion for anomalous resistivity, β −1 r i /L. In order for Whistler reconnection to be important, the reconnection rate must be virtually independent of this ratio. This is presently a matter of some controversy, with arguments and numerical evidence for independence (Shay et al. 2004 ) but also for a linear scaling (Fitzpatrick 2004) .
It is possible that the resolution of the reconnection problem lies in turbulence. Lazarian & Vishniac (1999) have argued that if anisotropic MHD turbulence exists down to the resistive scale, the reconnection speed can be as large as v A itself. In their model, the reconnection rate is enhanced because there are many reconnection sites and because the outflow from each site follows a chaotic and hence highly divergent trajectory.
Summary and outlook
Magnetic fields appear to be universally present in disk galaxies. All the mechanisms proposed for their origin require that they be amplified, and that a coherent field be developed or preserved, through hydromagnetic processes. Because the interstellar medium is continuously replenished and removed on timescales of order 10 9 yr, the mechanisms which configure galactic magnetic fields must operate on these timescales in order to maintain a steady state.
Neither dynamo theory as applied to galaxies nor the primordial theory fully accounts for the cycling of matter through the ISM. Bearing that in mind, it seems that neither theory is ruled out on observational grounds, and that both would benefit from more development. The standard kinematic mean field dynamo theory is incomplete for reasons stated more fully elsewhere in this volume: the breakdown of the kinematic approximation and the problem of saturation in a medium with high Lundquist number. The primordial theory appears to require some tuning of parameters to obtain agreement with observations. In our view, the nature of magnetic field diffusion is the major unsolved problem facing theories of the origin and maintenance of galactic magnetic fields. Diffusion, as we understand it here, is of two types. One is the breakdown of the frozen flux constraint in the plasma component of the medium, and is required in order to change the magnetic topology. This type of diffusion is necessary for the operation of a dynamo, and, more generally, to prevent the buildup of small scale field to the point that it overwhelms the large scale field. It may also contribute to removal of the field from the halo, by breaking the connection to the galactic disk. Magnetic reconnection is an example of this type of diffusion. In §5.4 we briefly reviewed current theories of reconnection as they might operate in the ISM, and emphasized the need for a fast reconnection mechanism.
The second type of diffusion, known as ambipolar diffusion, occurs in the weakly ionized portions of the medium, and arises through ion-neutral drift (see §5.2). It preserves magnetic topology, but transports the field with respect to the center of mass. In a laminar medium, ambipolar diffusion is rather slow, except in the most strongly magnetized and weakly ionized interstellar gas (see eqn. 5.7). However, in a turbulent medium, ambipolar diffusion provides the small scale drifts which lead to mixing of the field on the eddy timescale. This second type of diffusion may be important in magnetically assimilating new gas as it is introduced to the ISM, and in the vertical transport of field out of the galaxy. These two types of diffusion are connected through the tendency for ambipolar drift to steepen magnetic neutral sheets into current sheets. However, the significance of this process is open to question because it has been demonstrated only under rather restricted conditions.
There must also be a mechanism for producing a component of field on scales much larger than the current turbulent forcing scale. Whether this large scale field results from a classical inverse cascade, as might be expected in a differentially rotating system with helical turbulence, or from a large scale intergalactic field is still uncertain.
In addition to these theoretical issues, there are some impending observational developments that should influence the theory of galactic magnetic fields. The planned deployment of a low frequency radio telescope array will make it possible to detect, or place meaningful upper limits on, magnetic fields in very young galaxies. A new survey of pulsar Faraday rotation measurements will enable mapping of the field in the Milky Way with improved accuracy. The prospective Square Kilometer Array would provide a new tool of unprecedented resolution and sensitivity for mapping magnetic fields in other galaxies.
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Appendix: Background reading
For an excellent introduction to galactic astronomy and galactic dynamics, see Binney & Merrifield (1998) and Binney & Tremaine (1987) . The classic reference on the interstellar medium is Spitzer (1978) ; see also the newer book by Dopita & Sutherland (2003) and recent review by Ferriére (2001) . Cosmic ray astrophysics is discussed in the comprehensive work by Schlickeiser (2002) . The properties of galactic magnetic fields, and theories of their origin, are discussed in the review articles by Beck et al. (1996) , Zweibel & Heiles (1997) , Kulsrud (1999) , Beck (2001) , and Han & Wielebinski (2002) . For a cosmological slant on the topic of magnetic fields, see Grasso & Rubenstein (2001) or Widrow (2002) .
Cosmology is in a stage of rapid development, and the references provided here may soon need revision. Nevertheless we recommend the books by Liddle & Lyth (2000) and Dodelson (2003) , and the review article by Peebles & Ratra, for background in this field. Similarly, current theories of galaxy formation are not yet encoded in a standard text. One can extract the flavor of the field from recent conference proceedings, such as the volume edited by Umemura & Susa (2001) .
